ABSTRACT Circulating peripheral blood cells and disaggregated yolk sac cells were obtained from normal mouse embryos as early as day 9 of gestation, prior to the formation of the fetal liver. These were cultured in vitro in plasma clots or methylcellulose, in the presence of either embryonic fluid or adult spleen cell-conditioned medium, with or without added erythropoietin. Large erythroid colonies were observed by the sixth day ofculture. In all instances, these erythroid colonies synthesized adult hemoglobins. These results indicate that erythroid progenitor cells committed to adult hemoglobin synthesis are present in early embryonic circulation.
(x2z2) (2) (3) (4) (5) . Later, these nucleated erythroid cells also synthesize and accumulate adult hemoglobins in addition to the embryonic hemoglobins (6) (7) (8) .
By day 12 of gestation, the fetal liver becomes an organ of active erythropoiesis and continues to be the major site of red blood cell production until near birth (9) . The erythrocytes produced in the fetal liver are non-nucleated and contain only adult major (a2l32dmaior) and minor (aj32dminor) hemoglobins (2) (3) (4) .
In the present investigation, circulating embryonic peripheral blood cells and disaggregated yolk sac cells were cultured in vitro for up to 8 days. Large erythroid colonies synthesizing adult hemoglobins were formed in these cultures. This finding indicates that erythroid progenitor cells committed to adult hemoglobin synthesis were present in the embryonic circulation prior to the formation ofthe fetal liver. The results are consistent with the hypothesis that fetal hepatic erythropoiesis is initiated by circulating embryonic hemopoietic progenitor cells. Preliminary reports of these studies have been published elsewhere (10, 11) .
MATERIALS AND METHODS
Fetal Cells and Tissues. Normal adult FL/4Re -+/+ mice were a gift from E. S. Russell of The Jackson Laboratory (Bar Harbor, ME). Two females were caged with a male and examined daily for vaginal plugs. The morning on which the plug was found was designated day 0 of gestation.
On days [9] [10] [11] [12] ofgestation, pregnant mice were killed by cervical dislocation. Conceptuses were removed and placed in physiological saline. To obtain embryonic peripheral blood, the embryos were isolated, washed, decapitated, and bled into collection medium (12) . Cell counts were done either with a ZBI Coulter Counter or manually with a hemocytometer.
The yolk sacs of day 10 embryos were dissected free of maternal tissues, washed, placed in collection medium, and disaggregated by aspiration through successively smaller hypodermic needles (gauges 21 through 27). The large tissue fragments and cellular aggregates were then removed, and the single-cell suspension was examined in a ZBI Coulter Counter.
To obtain embryonic fluid, a micropipet was inserted into the exocoelom cavity of day 10 embryos with intact embryonic membranes. Approximately 5-10 ,ul offluid was aspirated from each embryo and stored frozen at -20'C until used.
Preparation of Adult Spleen Cell-Conditioned Medium (SCM). Spleens were obtained from 8-to 10-week old adult mice of strains C57BL/6J, WBB6F1 -+/+ and W/WV, WCB6F1 -S1/+, Sld/+, and Si/Sid. SCM was prepared by the method ofJohnson and Metcalf (13) . Briefly, disaggrehated adult spleen cells were cultured at a concentration of 10 cells per ml of medium NCTC-109 (Johns Scientific, Toronto, Ontario, Canada) with 5% pokeweed mitogen at 1:15 dilution (GIBCO) and either 5% human serum or 5% fetal calf serum (Flow Laboratories, McLean, VA). After 7 days in culture, the supernatant was collected and frozen at -20'C until used.
Erythroid Cell Cultures. Erythroid cell cultures in 0. 1-ml plasma clots were established as described by Heath et at (14) . Embryonic peripheral blood cells were cultured at a concentration of 3-5 x 105 cells per ml. Sheep plasma erythropoietin (step 3; Connaught Laboratory, Willowdale, Ontario, Canada; specific activity, 2-4 units/mg of protein) at a concentration of 2-10 units/ml or 20% SCM prepared from C57BL/6J mice or both were added to these cultures. The erythroid colonies were analyzed cytologically (12) or harvested for biochemical analysis (15) at the end of the culture period.
Erythroid cells were cultured in methylcellulose according to the method described by Messner et aL (16) . Embryonic peripheral blood cells or yolk sac cells at a concentration of 2 x 105 cells per ml were cultured for up to 8 days. One unit of erythropoietin was added per ml of methylcellulose culture. The erythroid colonies were examined in situ by using an inverted microscope. Some colonies were aspirated individually with micropipets for preparation of cytological smears which then were stained and examined. The erythroblasts in these cultures were harvested for biochemical studies by centrifugation of the methylcellulose cultures after dilution with phosphate-buffered saline.
Abbreviations: SCM, spleen cell-conditioned medium; BFU-E, erythroid burst-forming unit. * To whom reprint requests should be addressed.
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Proc. Natl. Acad. Sci. USA 79 (1982) 2953 Hemoglobin Synthesis. 59Fe (New England Nuclear; Ci/g; 1 Ci = 3.7 X 1010 becquerels) was added to each culture at 20 1uCi/ml. Forty-eight hours later, the erythroblasts were retrieved from the cultures and lysed by freezing and thawing three times. The hemolysate was subjected to polyacrylamide slab gel electrophoresis and the gels were autoradiographed (17) .
Globin Synthesis.
[3H]Leucine (New England Nuclear; 47-60 Ci/mmol) was added to each culture at 50 ACi/ml. Twentyfour hours later, the erythroblasts were harvested and adult hemolysate was added as carrier. The hemoglobins were partially purified by chromatography on Sephadex G-100 (15) . Globins were prepared by acid/acetone precipitation and analyzed by CM-cellulose column chromatography with a nonlinear phosphate gradient prepared by an LKB Ultra-Grad (7, 15) . RESULTS Erythroid Colonies in Cultures with SCM. Peripheral blood cells obtained from 9-to 12-day embryos were cultured in plasma clots containing erythropoietin and SCM. By day 6 of culture, many erythroid colonies were observed. The majority ofthese colonies were large, each consisting of300-5,000 wellhemoglobinized erythroblasts ( Fig. 1 ; Table 1 ). Some of these large colonies were aspirated individually in micropipets, and smears were prepared and examined. In addition to erythroblasts and other cellular elements, granulocytic cells with their characteristic segmented nuclear morphology were seen. In the present report, this group of large erythroid colonies, including those with mixed cellularity, are classified as erythroid burst forming unit (BFU-E)-derived colonies (18) . Othercolonies with different cellular compositions were also seen (Table 1 ). These were: (i) smaller colonies with 100-300 well-hemoglobinized erythroblasts each; (ii) large colonies with many degenerative cellular elements and a few hemoglobinized erythroblasts; and (iii) large, healthy colonies that contained few hemoglobinized erythroblasts. It (Table 2 ). The total number of circulating BFU-E in each embryo increased during embryonic development. Peripheral blood cells were cultured in plasma clots for 6 days with 20% SCM and erythropoietin at 10 units/ml. For each gestational day, at least four different cultures were performed; data are presented as mean ± SD. ropoietin was added (Fig. 2) . Identical results were obtained when day 9 peripheral blood cells were cultured in methylcellulose. In one experiment, day 10 peripheral blood cells were cultured in plasma clots with erythropoietin and embryonic fluid but without SCM. Again, only adult hemoglobin synthesis was detected in this culture (Fig. 3) .
The yolk sacs of 9-and 10-day embryos were isolated, disaggregated, and cultured in methylcellulose containing SCM, with or without erythropoietin, for 8 days. These cultures were exposed to 59Fe during days 6-8 of culture, and hemoglobins synthesized in vitro were analyzed by autoradiography of slab gel electrophoretograms. Only adult hemoglobin synthesis was detected in these cultures (data not shown). No embryonic hemoglobin could be detected even when the polyacrylamide gels were purposely overloaded with hemolysates or the films for the autoradiography were overexposed.
Globin Synthesis. Globins produced in plasma clot cultures of day 9 peripheral blood cells with SCM and erythropoietin were labeled with [3H]leucine during days 5 to 6 of culture. Globin synthesis was analyzed by CM-cellulose chromatography. Adult a and 83 globin chains were clearly produced in the erythroid colonies in vitro (Fig. 4) . No embryonic globin chains could be detected with confidence. In the presence of SCM alone, the erythroid cultures also synthesized adult globin chains (Fig. 5) . Similar results were observed in cultures of 10-to 12-day embryonic peripheral blood cells. In order to determine ifembryonic globin chains were produced during the early formation of erythroid colonies, [ H]leucine labeling was done during days 3 to 4 of culture. Again, only adult a-and /-globin chains were produced (11) .
In one experiment, day 10 peripheral blood cells were cultured in plasma clots with erythropoietin and embryonic fluid but no SCM. Only adult a-and 83-globin chain synthesis was detected in vitro (Fig. 6) .
DISCUSSION
These studies demonstrate that hemopoietic progenitor cells are present in normal mouse early embryonic circulation prior (23) .
Erythroid colonies derived from progenitor cells present in 9-day mouse embryo peripheral blood synthesize adult hemoglobins. The present studies do not rule out the possibility that. minute amounts of embryonic hemoglobins are also produced in the erythroid colonies in vitro. Two different culture systems-plasma clot and methylcellulose-were used in these studies. The stimulators applied to these cultures included embryonic fluid and adult SCM, with or without added erythropoietin. In all-instances, adult hemoglobin synthesis was detected, indicating that these circulating hemopoietic progenitor cells are committed to give rise to erythropoietic progeny determined to synthesize adult hemoglobins. The proportion of adult minor hemoglobin (a42minD synthesized in vitro was not quantitated in these studies (24, 25) .
The results of this investigation suggest that, early in murine embryogenesis, there is a population ofprogenitor cells of yolk sac blood island origin.that proliferate and differentiate, giving rise to circulating primitive erythrocytes. These primitive erythroid cells synthesize embryonic hemoglobins early in gestation but later produce adult hemoglobins as well (2) (3) (4) (5) (6) (7) (8) . By day 9 of gestation, there is another population of progenitor cells which are present in the yolk sac as well as in the circulationand which are committed to give rise to adult hemoglobin-synthesizing erythroblasts. Later in* gestation, these' progenitor cells may colonize the fetal liver to give rise to definitive erythropoiesis in that organ. 
